Bacteriophage T4 contains threc self-splicing group I introns locatcd in the structural gcnes for thymidylate synthase ( t d ) , ribonucleotide reductase (nrdB), and a putative anaerobic ribonucleotide reductase (sunY) (Cliu ct al. 19$4; Gott et al. 1986; Shub et al. 1987; Sun et al. 1993) . These introns splice by the typical group I pathway, via two transesrerification reactions initiated by nuclcophtlic attack of guanosine at the 5' splice site. This process depends on conserved secondary and tertiary structures that dircct folding of the intron such that thc 5' and 3' splice sitcs are justaposed to the panosinc-binding sit€ within the intron's catalytic core (Ccch 1990; Michel and Wcsrhof 1990; Ccch ct al. 1992; Saldanha et al. 1993) .
Although a number of group I introns (including the T4 introns] self-splice in vitro, evidence points to involvement of accessory factors during in vivo splicing. For cxamplc, the canonical Tetrohymena intron spliccs 50-fold niorc efficiently in vivo than in vitro (3rchrii and Cech 1983) . 111 addition, two groups of accessory proteins that regulate splicing of fungal mitochondrial introns have been defined by genetic crireria [for review, SCC Burke 1988; Lambowitz and Perlman 1990) . First are rhc intron-encoded proteins called maturases that facilitatc splicing of their cognate introns (Lazowska et 31. 1980, 19S9; Anziano et a]. 1982; Dc La Salle ct al. 1982) . SCCond are the nuclear-encoded accessory splicing proteins (Burkc 19%; Lambowitz and Perlman 1990) . T h e most well-charactcrized of these is found in Neurospora, where a mutation in the cytlS gene blocks splicing of 3 numbcr of group I introns in vivo, including the COB1 intron, which can sclf-splice in vitro (Garriga and Lambowitz 1384) . CYT-18 protein, which corresponds to mitochondrial tyrosyl tRNA synthetase (Akins and Lambowitz 1987) , binds specifically to the mitochondrial large subunit rRNA (LSU) intron with high affinity (Guo and Lambowitz 1992) . CYT-18 can also promote splicing of mutant T4 td introns both in vivo and in vitro (Mohr Coetzee et 31. et al. 1992) , suggesting that the protein acts by stabilizing the correct tertiary structure of the intron (Guo and Lambowitz 1992) .
A role for protein factors in modulating splicing of the T4 introns in vivo is suggested by several observations, First, both the sunY and nrdB introns require elevated monovalent ion concentrations to splice efficiently in. vitro (Hicke et al. 1989 ). Second, utilization of a cryptic 5' splice site by the t d intron is reduced in vivo compared with in vitro (Chandry 1991) . Third, the td intron splices more efficiently in vitro a t elevated temperature (Chu et al. 1987) . Fourth, analysis of a td trans-splicing reaction revealed that whereas the in vitro reaction occurs efficiently only at high temperatures (SSOC), the td intron is capable of trans-splicing in vivo at physiological temperatures (37°C) (Galloway-Salvo et al. 1990 ). Thcsc findings suggested that facilitatory factors may bc prcscnt within the cell, prompting attempts to purify thcsc putative factors. Using stimulation of trans-splicing as an initial in vitro assay, we have identified an activity that facilitates both trans-and cis-splicing of thc td intron. The activity, Salvo et al. 1990) . In this assay the intron is separated into two halves that must associate for splicing to occur ( Fig. 1A ; Materials and methods). Although this reaction occurs readily at 55°C in vitro, trans-splicing is extremely inefficient at 37°C [Fig. lB, lanes l,2). To determine whether.cellular factors may be capable of promoting the reaction in vitro, we fractionated a crude E. coli extract on carboxymethylcellulose and tested the bound fraction (EXT) for its ability to promote trons-splicing a t 37°C. In the presence of EXT, trans-splicing was stimulated as evidenced by appearance of ligated exons (El-E2) (Fig. lB, lanes 3, 4) . We also observed the appearance of the linear homolog of the cyclized intron ("~"1) ( Fig. 1A ; Galloway-Salvo et al. 1990 ), indicating that the precursors were competent for all three steps of the group I splicing pathway, 5' and 3' splice site cleavage and cycliza t ion.
Wc found t h a t prctrcatmcnt of EXT with protcinasc K abolished thc activity (Fig. lC, lanc 3), indicating that a protein component was likcly to be responsible for the activity. Interestingly, boiling of EXT for 10 min did not which also promotes splicing of the nrdB and sunY intrans, comprises multiple proteins that have diffcrcnt activities for splicing enhancement. Several of thcsc arc ribosomal proteins, with ribosomal protein S12. bcing thc liminary gcl-filtration analysis and SDS-PAGE had ' most active. Functional analyses suggest that thcsc proteins are mechanistica1)y distinct from thosc that specifically c h a n c e group I splicing and, rather, s e w to facilitate formation of the active conformation of thc intron by acting as RNA chaperoncs.
affect its ability to promotc irons-splicing (Fig. 1C , lane 5). Thus, although the activity appeared to be proteinaceous, it was surprisingly hcat stable. Furthermorc,,pre-. shown that EXT consistcd largclyaf proteins of molecular mass <18 kD (I?. DiMari3 and M. Belfort, unpubl.) . Additional cxperimcnts revealcd that the activity bound to hcparin-agarosc and othcr similar cation exchangers and was resistant to N-cthylmaleimide (P. DiMaria and M. Bclfort, unpubl.) . These biochemical properties are reminiscent of E. coli histonc-likc proteins IHF and HU (Drlica and Rouviere-Yaniv 1987) . Howcver, we found Results
Identificotion of an Escherichia coli activity tho t fa cili t a t es trans -splicing that ncithcr protcin stimulated trans-splicing to any apprcciable extent (data not shown). Furthermore, ribosomal protein L14, T4 gene 32 protein, bovine semm albuPreviously, we described construction and charactcrization of a trans-splicing assay for the td intron (Gallowaymin (BSA), lysozyme, and polyethylene glycol also failed to stimulate trons-splicing (data not shown). 
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E. coli proteins that stimulate group I splicing
EXT stimulates cis-splicing of all three phage in t r m s
We then esamined the ability of EXT to stimulate cissplicing. For this purpose we selectcd the td-CAT intron, in which the intron open reading frame (ORF) that encodes a highly toxic endonuclease had been replaced with the comparably sized chloramphenicol transacetylase gene. Not only are transcription teniplatcs niore readily prepared from this construct, but because splicing is somewhat compromised relative to thc wild type, unspliced precursors are more easily isolated. As expected with the cis-acting RNA, self-splicing occurred in the absence of EXT ( Fig. 2A, lane 3) . However, the addition of EXT enhanced the extent of exon ligation threeto sixfold above background self-splicing ( Fig. 2A, lane 4 
In splicing conditions, two splice products usually appear. These are the intron-exon 3, (I-E2) intermediate, which results from cleavage a t the 5' splice site by GTP, and the smaller lincar intron (I), which is released after exon ligation. EXT again promoted splicing of all three T4 introns two-to fourfold above self-splicing levels, consistent with the td-CAT results (Fig. 2C) . However, E X T was nor able to promote splicing of the Neurospora LSU rRNA intron or the COB5 intron of Saccharomyces, both of which require specific proteins to splice in vitro and in vivo (data not shown) (Garriga and Lanibowitz 19S0, 1986 ; Campel and Tzagoloff 1987; Partono and Lewin 19S8 Fig. 1 . Bands corrcspond to intron-cxon 2 (I-E2) and lincar intron (I). Splicing of cd,,nrdB, and sunY was stimularcd by E X T by factors of 2-, 4.1 -2nd 2.5-fold ovcr background, rcspcctivcly, 7s dctcrmincd by scanning dcnsitomctry. 
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tive ribosomes (Kerlavage et 31. 1983 (Kerlavage et 31. , 1984 . By adapting the approach uscd by Ferris et al. (1984) , {vi separated EXT into 26 distinct peaks (Fig. 4A ) containing at least .36 protcins (data not shown). Those peaks that containcd single proteins (Fig. 4B) wcre assayed for enhancement of trans-splicing (Fig. 4C) . The degree to which individual proteins simulated splicing varied grca tly, with protein 6 being the most activc (Fig. 4C) . Froni amino-terminal sequence determination it was established that this protein corresponds to ribosomal protein S12 (Fig. 4D) . Protein nunibcrs 7 and 20, weak cnhanccrs of splicing, were found to correspond to ribosonial protein U S and his. tonc-like protein HLP-1, respectively (Fig. 4D ).
Relationship of t h e intron ORF to splicing enhancement by EXT To begin to address possible mechanisms for splicing enhancement, we wished to determine the effect of the intron ORFs, natural residents of all threc phage introns, on splicing in the presence and absencc of EXT. The wild-type sunY intron contains a 774-nucleotide ORF looped out of P9.1 (Fig. 5B inset) . T h e wild-type sunY intron and three sunY derivatives that had 290, 413, and 593 nucleotides deleted from the ORF wcre tested for splicing activity in the absence and prescncc of EXT. As expected, all four substrates were able to self-splice (Fig.  5A) . However, the extent of self-splicing was inversely related to ORF length, with two-to threcfold more splice products observed with the A593 intron compared with the full-length wild-type intron (Fig. SA) . Conversely, the ability of EXT to promote splicing was directly related to ORF size. In the case of the wild-type intron, splicing was stimulated up to fivefold (cf. W T lanes 1, Therefore, to learn more about the RNA-binding propcrties of the S12 protein, the ability of poly(rC) t o compete with these different RNAs for binding to S12 was detcrmined. At both 75 nM S12 ( Fig. 6A ) and 300 nM S12 (data not shown), poly(rC) was more efficient at competing with tRNA and intron than with ORF or exon RNA.
These results arc consistent with S12 having a small binding preference for unstructured RNAs (cxon and ORF), relative to structured RNAs (intron and tRNA).
Howcver, the biphasic nature of the curves implics that S12 has complex binding properties and suggests that thc protein recognizes both strong and weak sites on all thc RNAs.
To investigate further the RNA-binding properties of S12, labeled intron or exon RNA was used as an S12-binding substrate with exon, ORF, intron, and tRNA 3s competitors, each at two different concentrations (Fig. GB). At both concentrations the exon substrate was less effectively cornpcted than the intron substrate by the . four competitor RNAs. Furthermore, the exon and ORF RNAs tended to be more effective competitors than tRNA for both intron and exon substrates. These results suggest that binding sites in well-folded RNAs may generally be less accessible to S 1 2 than those in RNAs that are poorly folded, the latter of which would therefore tend to bind the protein with somewhat higher affinity. Regardless, the ability of exon and ORF RNA to compete at least as well as intron for S 1 2 filter binding with either labeled exon or intron again argued strongly against specific binding of S 1 2 to the intron.
A
E. coli proteins that stimulate group I splicing S12 has properties of an R N A chaperone The cis-splicing experiment presented in Figure 2B suggests a protein-assisted increase in the fraction of reacting moleculesrrather than an increase in the rate of the reaction. Because this issue bears on the potential of S 12 to act as an RNA chaperone, we wished to address the question more directly. The trans-splicing reaction was therefore allowed to proceed in the absence of S12 until a plateau w3s reached in the fraction of reacted precursor (Fig. 7, 0) . After the addition of S12 (Fig. 7, T) , the rc- Attempts to sequence proteins 16 and 24 wcre unsuccessful.
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GENES fi DEVELOPhlENT siduai precursors reacted to an extent similar to that when S12 was added at the beginning of the reaction (Fig.  7, 0 ) . These results argue that S12 can assist the formation of productive structures by resolving misfolded RNAs.
To test whether S12 may be dispensable during the catalytic step, S12-promoted assembly of trans-splicing precursors was allowed to occur in the absence of GTP. Subsequently, proteinase K was added, and thereafter, splicing was initiated by addition of [32P)GTP (Table 1) . Addition of the protease after the S12-promoted assernbly step had no inhibitory effect on trans-splicing (Table  1 , cf. lines 4 and 6), in contrast to pretreatment of S12 with proteinase K [line 7). NO S12 was observed in proteinase K-treated reactions analyzed in Western blots with S12 antibody, where 10% (1 pmole) of the amount of S12 required to promote splicing (10 pmolcs) was ORF SIZE (NT) Figure 5 . Effcct of ORF site on splicing stimulation by EXT.
( A ) Splicing of thc 5unY intron with ORF dclctions. The wildtypc (WT) and threc dclction constructs (A290, A4 13, and A593) wcrc rnonitorcd for splicing by GTP jncorporatio?. Lancs I , 2, and 3 correspond to 2.5-, 5, and 10-min incubation, respcctivcly, in t h c presence ( + 1 or absencc ( -) of EXT. Splicing reactions werc scparatcd as described in Poly-rC (nM) n rcadily detectable. Thcse results suggcst that S12 has propcrtics of ; I moiccular chapcrone, 3s its presence is not required after formation of the dcsircd conformation. AlthouSh we cannot rule. out the possibility that < 1 pmolc of protein rcnisins trnppcd within the complex, contra1 experiments indicatcd that this amount of SI', alone cannot stimulate the splicins rcaction (data not shown).
S12 also promotes a hammerhead ribozyme reaction
A detailed kinetic and thermodynamic characterization of a hammerhead ribozyme reaction, for ribozyme HHl6 (Fig. 8A) , established that association of the oligonucleotide substrate is rate-limiting under subsaturating conditions (e.g./ single turnover reactions with low concentrations of ribozymc) and that dissociation of thc oligonudeotidc products is rate-limiting for multiple turnover under saturating conditions (Hertel et al. 1994) . it has been shown previously that two nonspecific RNAbinding proteins, the p7 nuclcocapsid protein of HIV-1 and the carboxy-terminal domain of the hnRNP A1 protein, can help to ovcrconie these physical limitations to catalysis by facilitating both substrate association and product dissociation (Tsuchihashi et al. 1993; Herschlag et al. 1994 ). I t was suggested that thc steps in thc hammerhead ribozyme reaction provide a model for a n u mber of processes that involve RNA and that the nonspecific RNA-binding proteins act as RNA chapcroncs in that they prevent the ribozyme from being kinetically trapped through the reaction cycle. Because of the analogy to the putative role of S12 in group I splicing, we investigated the effect of S12 on catalysis by HH16. The protein did facilitate single turnover reactions (4-to 10-fold stimulation a t 200 nlLi S12; Fig. 8B ; data not shown). As expected for a nonspecific interaction, addition of single-stranded DNA (ssDNA) abolished stimulation by S12 (Fig. 8B) . The results of Figure 8C suggest that 200 nM S12 has no significant effect on multiple turnover. However, highcr concentrations of S12 (350-500 nhi) appcgred to incrcasc multiplc turnover (Fig. SC) , implying that S12 can facilitate thc dissociation of products from the ribozyme. I t should be noted that under these conditions only about one half of the total oligonuclcotide was recovered on polyacrylamide gels, suggcsting that some was lost in a complcx with S12. Ncvcrtheless, thc reaction time courses wcrc wcll-bchavcd. Thcse results also indicatc that highcr conccntrations of SI:! arc rcquired to disrupt the HHl6 product duplex than to promotc duplex formation, consistcnt with 3 prcfcrcncc of S12 for binding to unstructured single-stranded RNAs. In cxploring a rolc for acccssorics that promotc splicing of prokaryotic group 1 introns, we purificd an activity from E. coli that has thc ability to stimulate both transand cis-splicing of thc threc T4 introns (Figs. 1 and 2 'Precursors for thc frons-splicing rcaction wcrc incubatcd a t 37°C for 30 min with or without S I 2 to 3 1 1 0~ asscmbly and assayed directly for ["PIGTI' incorporation a t 37°C or 55°C
(lincs 1 and 2) or aftcr furthcr incubation with protcinasc K (lincs3 and 4 ) or protcinasc K buffcr (PKB, lines 5 and 6 ) . For thc cxperimcnt in linc 7, S12 protcin was incubated with protcinasc K prior to thc asscmbly stcp. T h e abscncc of S12 aftcr protcinasc K treatmcnt was vcrificd by Wcstcrn bloc as dcscribcd in Matcrials and mcthods. bGTP incorporation w a s calculatcd rclativc to that in thc 3 bscncc of S12 a t 55°C (linc 1). H H l 6 and S were preanncalcd, and thc reaction was initiarcd by addition of MgCl,.and was followed as described in B. , and 4). Although the activity undoubtedly rcflccts the aggregate contribution of 3 numbcr of individual proteins, ribosomal protein S12 was most effective in stimulating splicing under our assay conditions (Fig. 4) . Although overexpression of S12 slightly reduced utilization of a cryptic splice site (T. Coctzee and M. Bclfort, unpubl.J, a clear-cut in vivo role for this protein remains to be established. Even if thcre is a physiological role in splicing, this may be difficult to prove convincingly, given that other cellular proteins (Fig. 4C) can also facilitate splicing in vitro and possibly in vivo. Phenotypes associated with manipulating levels of these proteins 3rc likely to be subtle if this protein pool is present in s3t-urating amounts in the cell.
Nonspecific RNA-binding proteins can act as splicing factors
Two proteins, CYT-18 and CBP2, have been shown prcviously to promote group I splicing in vivo and in vitro and to act by binding specifically to the intron (Garrig3 and Lambowitz 1986; Gampel and Ccch 1991; Guo and Lambowitz 1992) . Further data suggest that CYT-18 serves to thermodynamically stabilize the correct tertiary fold of the intron's catalytic core (Guo and Lambowitz 1992; Mohr et al. 1992) . In contrast, our experiments suggest that the E. coli proteins that facilitate group I intron splicing in vitro, including ribosomal protein 512, mediate their effect .by binding RNA nonspccifically. Most significantly!.. filter-binding studies provide no indication of st,rong binding interactions bc-
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GENES EL DEVELOPhIENT twccn S12 and the group I introns. Thc results arc consistent with a sniall prcferencc for S12 binding to unstructured RNAs, rather than the group 1 clltalytic corc [ Fig. 6 ). Furthermore, S12 can stimulate another RNA reaction, that of a hammerhead ribozyme (Fig. 81 , rcndcring i t unlikely that this protein rccognizcs both of the catalytic RNAs specifically. Additionally, the multiplicity of proteins that can exert an effect (Fig. 4) and the ability of S12 to have its effect on splicing exercised even after its proteolytic removal from the RNA (Table  1 ) both argue against a specific effect arising from ther-. modynamic stabilization of the catalytic core. . . . .
NonspeciJic RNA-binding proteins as RNA chaperones
The nonspecific nature of the S12 effect suggests that it and similar proteins might act as RNA chaperones, facilitating splicing by ensuring that the intron adopts the correct conformation. Analogously, the protein chaperones constitute a number of widely divergent proteins, such as GroE and nucleoplasmins, which function to inhibit misfolding a n d thereby facilitate correct folding of a wide range of polypeptides, without forming a part of the correctly folded structure (Ellis and Hemmingsen 1989; Ellis 1994) . Like proteins, group I introns require a directed self-assembly of the catalytic core into correct secondary and tertiary stmctures [ Cech 1990 ; Michcl and Westhof 1990; Cech et al. 1992; Saldanha et al. 1993 ). This assembly can be facilitated by elevated temperature ( Fig. 1 ) [Tanner and Cech 1985; Hickc et al. , ..
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Rearrangement 0 0 1989). Likewise, could act as an RNA chaperone, using its nonspecific RNA-binding ability to ensure that the intron adopts the correctly folded structure for splicing. Interestingly, a similar chaperone-like function has been attributed recently to a group of heterogenous nuclear ribonucleoproteins (hnRNPs) in HeLa cells, where they are suspected to affect pre-mRNA interactions (Portman and Dreyfuss 1994) .
A rearrangement function for S12 and related proteins, which might promote the active conformation of thc ribozyme by preventing formation of inhibitory structures or rearranging them subsequent to formation, is fully consistent with our data. First, whereas only a fraction of the group 1 precursor molecules splice rcadily, with the remainder being kinetically trapped in an unfavorable conformation (e&, Walstrum and Uhlenbeck 1990), splicing gocs virtually to completion in the presencc of ~1 2 (Figs. 2B and 7) . Second, the ability of S12 to facilitate both helix formation and destabilization in the hammerheadribozyxlle system argues for a role of the protcin in preventing misfolding and resolving misfolded RNAs ( Fig. 8 ; Herschlag et al. 1994) . Third, the ability of S12 to exert its effect during an incubation pcriod prior to initiation of the splicing rcaction (Tablc, 1 ) is thc hallmark of a protein that assists in folding. Finally, the ability of ~1 2 to reverse the inhibitory effect on splicing of the sunY intron ORF (Fig. 5) sugscsts that the long stretches of ORF RNA engage in inhibitory interactions with the irltron corc and that S12 and related proteins proniotc splicing by preventing or resolving these unproductivc intcractions.
The inhibitory nature of extraneous RNA sequcnccs is underscored not only by the invcrsc relationship bctween ORF length and sclf-splicing ability (Fig. 5) but also by our observation that removal of exon scqucnccs significantly incrcases the efficiency of self-splicing in trans (Coetzee 1993) . Our finding that S12 may exhibit a slight biading prcference for cxon and intron ORF RNA Over intxon core RNA suggests that the protein may thereby prevent spurious interactions of these relatively unstructured RNAs with the intron core without occluding the intron, thus driving the formation of a catalytically active complex (Fig. 9) . Some of our data are also consistcnt with the ability of ~1 2 and related protcins to facilitate association of spatially separated precursor RNAs (Fig. 9) , as, for example, through eharge buffering by intcraction with the RNA or protein-protein interactions (Portman and Dreyfuss 1994) (Fig. 9) . First, as noted above, S12 promotes the association of a hammerhead ribozyme with its RNA substrate (Fig. 7B) . Second, we have noted a larger increase in protein-enhanced splicing at low precursor concentrations than at higher concentrations, with a 20-fold greater enhancement with 15 nM prccursors than with 250 nM precursors at 37°C (T. Coetzee and M. Belfort, unpubl.) , suggesting stimulation of an association step. Third, in the case of cis-splicing, where the intron ORF separates critical elements of the ribozyme (much like the trans intron), the direct relationship between splicing facilitation a?d 'ORF length might be explained in . .
part by the ability of these proteins to bring remote pairing elements into proximity (Fig. 9) .
The extent to which splicing enhancement is attributablc to the protein preventing or resolving misfolding and/or to an intrinsic function of the protein that promotes association cannot yet be resolved. However, the effect cannot simply be the result of macromolecular crowding, as neithcr BSA nor polyethylene glycol can mimic the effect of S12. Furthermore, our finding that other basic RNA-binding proteins (E. coli IHF, HU, L14; phage T4 gp32) cannot stimulate splicing suggests that clectrostatic shielding alone cannot promote splicing and that specific properties of RNA-binding protcins arc required to promote the correct RNA conformation (Coetzec 1993; T. Coetzee and M. 3elfort, unpubl.) .
A generalized role for polyspecific R N A -binding proteins
Support for a nonspecific role of proteins in preventing misfolding can be found in studies of ribosome assembly. A number of ribosomal proteins, including S 4 and S12, have polyspecific effects such that they interact with regions of the RNA outside their defined binding domains (Stem et al. 1986 (Stem et al. , 1989 Vartikar and Draper 1989) . Consistent with our observations with group I introns, such polyspecific effects suggest a mechanism whereby the ribosomal proteins occlude portions of the RNA molecule to prevent. spurious interactions that would disrupt the ribosome assembly process (Stern et al. 1989; Powers et a] . 1993). Thus, nonspecific RNAprotein interactions involving specific RNA-binding proteins may serve more generally to ensure correct folding of structurally complex RNAs.
T h e need for molecules that advance the assembly and proper folding-of the group I introns is becoming incrcasirigly apparent. Long stretches of "inhibitory" ORF scqucnces not only interrupt critical catalytic pairings of the three phage T4 introns but also those of thc majority of other group I introns. Of the 87 introns used in dcvcloping the three-dimensional model f6r group I intron structure, 57 contain stretches of noncore sequences longer than 500 nucleotides (Michcl a i d Wcsthof 1990) . Although thesc scquenccs a r c usually localized in pcriphcral sections of the intron corc structure, one needs to consider the RNA folding environment within the ccll. I t is probable that these noncorc sequences would tend to form unproductivc pairings with thc intron corc during transcription. We propose that cellular protcins are recruited to prcvcnt formation and/or accumulation of such "incorrect" structures, thereby promoting association of pairing elements that arc critical to catalysis. RNA-binding proteins have been demonstrated to resolve misfolded tRNA and 5s RNA (Karpel ct al. 1974 (Karpel ct al. , 1982 and to aid asscrnbly processes (c.g., Kumar and Wilson 1990; Pontius and Berg 1990, 1992;  Munroe and Dong 1992; Fang and Cech 1993; Sundquist and Hcaphy 1993; Tsuchihashi e t al. 1993; Herschlag et 31. 1994;  Portman and Dreyfuss 1994). We suspect t h a t o t h e r ccllular RNAs will have analogous misfolding and assenibly problems, necessitating the general involvement of RNA chaperones.
Materials and methods
. .
Bocterial stroins, plosmids, ond media E. colistrain RuclO IF-, fhi-1, thyA, hsdS20 (rB-, mu-), supE44, recA13, oro-14, leuB6, proA2, locY 1, rpsL20 (str'), xyl-5, mrl-1 I is a thyA dcrivativc (Rubin ct a\. 1960) of HBlOl (Bolivar and Backman 1979) and was uscd for prcparation of EXT uscd i n Figures 1, 2 , and 5. E. coli strain MRE-600 was uscd for largcscale preparation of 70s ribosomes and EXT. E. coli strain BL21(DE3) is derived from BL21 (F-hsdS go1 rs-, ms-) and contains a X prophage (DE31 with the gene for T 7 RNA polymcrase undcr control of the locUVS promoter (Studicr and Moffat 1986) . Plasmids were maintaincd in DHSa (F-, Q80, locZAMlS, recA1, cndAl, / gyrA96, thi-1, hsdR17, ( r K -, mK+),
(supE, (hi, Ahc-proAB Plasmids uscd to gencratc nrdB mRNA were maintained in JMlOl and sunY mRNA in C600. All of the constxucts are in pBSM 13( + ) (Stratagene). Plasmid pJSEl7, which contains the entirc nrdB gcnc and somc downstream sequcnccs, was uscd to generatemdB pre-mRNA (Gott et ai. 1986). Plasmids pMPX401 and pMAXl werc used to generate sunY mRNA. They differ in that 796 nuclcotidcs upstream from the 5' splice site havc becn removcd from pMAXl (XU and Shub 1989) . Plasmids pMAD1, pMAD6, and pMAD17 arc derivatives of pMAXl in whic) 593, 4 13, and 290 nuclcotidcs, respectively, havc been deleted from the ORF scqucncc (Xu and Shub 1989). For purification purposes, the gcne encoding ribosomal protein 512 was cloned into thc ovcrcxprcssion vector pT7-5 (Tabor and Richardson 1985) . Briefly, plasmid pN01523 (Dean 198 I) , which contains thc rpsL gcnc encoding S12 and its promorcr 3s wcll as a portion of thc rpsC gcnc, was the starting construct. The SsrlI-BomHI fragmcnt of pNOlSW, which contains thc entirc rpsL ~C R C , was subcloned into thc SmoI-LlomHI sitc of plasmid pSU18 (Martinez ct al. 1988 ). Bccjusc SsilI gcncrates 3' overhangs, thesc wcrc rcmoved by trcatmcnt with thc Klcno\v fragmcnt of DNA polymerase I (CIBCO-BRL) to gcncratc a blunt end (Sambrook ct ai. 1989 ). Maintcnancc of rpsL in high copy numbcr was toxic unless thc strain carricd thc pcnB mutation, which 1owercd.thc copy numbcr of the plasmid. T h c EcoRI-BomHI fragment of pSU18S12 was then subcloned into the EcoRI-BomHI sitc of pT7-5.
Plasmids plZtdAES, pTZEXII, pAJIl7SunABB, and p67Y FO were used to generate substrate RNAs for filter-binding cxpcriments. Plasmid pTZfdAES, a dcrivativc plZAP6-2, yields pure Id intron transcripts that span thc 3' half of t h e P1 stern through the D9 stem of rhe intron when digested with PvuII (Heucr ct al. 1991) . Plasmid pTZEXI1 contains 3 fragment of td cxon 2 cloned into the SmoI site of pTZ18U. Plasmid pAIIl7SunABB contains purc ORF sequenccs derived from the sunY intron ORF (Quirk et al. 1989) , cloned into pAIIl7, a derivative of plasmid pETl I C (Kong et 31. 1993) . Plasmid p67YFO contains the yeast tRNAPh' gene under control of a T 7 promoter (Sampson and Uhlcnbeck 1988) .
Growth media (TBYE) consisted of tryptonc broth 11% Bactotryptone (Difco) and 0.5% NaCll supplcmcnted with 0.5% yeast extract (Difco) and 50 pg/ml of thyrninc for t h y -strains. When required for selection of plasmids, ampicillin was added a t 200 pg/ml.
In vitro troiscrjption DNA was prepared by alkaline lysis (Sambrook ct al. 1989) . Plasmids pTZtdX1 and pTZtdCAT were linearized with l5S-l GENES ? : DEVELOP.1lENT E. coli proteins that stimuhw group 1 spiicing EcoRV, whereas p r Z H l and p l Z H 2 were linearized with Sal1 and HindIII, respectively. Plasmid pjSEl7 was linearized with HpaI, and pMPX401, pMAX1, pMAD1, pMAD6, and pMAD17 were linearized with XbaI. Templates were prepared for transcription as described previously by Galloway-Salvo et a]. (1990) H1 and H2 RNAs are trans-splicing precursors that represent the td intron split in the loop emanating from P6a ( Fig. 5B ; Galloway-Sdvo et al. 1990 ). These werc prepared from pTZH1 and pTZH2 following the directions of thc manufacturer (U.S. Biochcmicall. For all othcr RNAs used for splicing experiments, transcription w3s carried out undcr low magnesium conditions described by Galloway-Salvo et al. (1990) except that transcription was pcrbrmed at 30°C for 60 min. T3 polymerasc was uscd for all nrdB and sunY RNAs, and T7 RNA polymerase for all td RNAs. RNAwas internally labeled by adding 10 pCi [a-3SS]CTP (800 Ci/mrnolc; Amersham) or 10 pCi [a-"PPJCTP (SO0 Ci/ mmolc; New England Nuclear) to thc transcription reaction mixture.
Plasmid pTZldEWI was linearized with EcoRV, pAUl7SunABB with Sspl, prZtdAES with PvuII, and p67YFO with BsiNi to yicld transcripts of 245 nucleotides (CXOII), 345 nuclcotidcs (ORF), 210 nuclcotidcs (intron), and 72 nuclcotidcs (tRNA), rcspcctivcly. High spccific activity substratcs were prcparcd for filter-binding cxpcrimcnts by in vitro transcription using thc samc protocol for the trans-splicing RNAsl,csccpt that nonradioactivc ffJ?
concentrations wcrc rcduccd to 40 phi and 100 pCi of (a-32PjCTP (600 Ci/mmolc; Ncw England Nuclear) was addcd. Fdlowing transcription for 2 hr a t 37"C, RNAs wcrc cthanol-precipitated, pcllcted, and scparatcd on 3 6% polyacryla m i d 4 8 M u~c a gcl. RNAs wcre purificd from thc gcl using thc protocol of Milligan and Uhlcnbcck (1789) . Prior to USC, thc RNAs wcrc rcnaturcd using thc following proiocol, which was adaptcd from Hcucr ct 31. ( 1971) and Miclicl ct 31. (1992) . RNAs wcrc heated to 95°C for 3 min. Thcn, 1 part lox reaction buffcr and 9 parts RNA wcrc mixed and coolcd to room tcnipcraturc for 5 min.
'
Extract preparo tion RuclO cclls wcrc grown with vigorous shaking a t 37°C to an ODbs0 of 0.2 and harvested. Cclls werc resuspendcd in buffcr 1 120 nirM Tris-HC1 (pH 7.5), 25 mM NaC1, I mxi DTT, and 1 mM EDTA (pH 8.0)l in a ratio of 1 ml of buffer pcr gram wct weight of cells and lysed by two passages through a Frcnch pressure ccll. T h e crude lysatc was clarificd by ccntrifugation at 30,OOOg in a Sorvall RCSB centrifuge for 30 rnin at 4°C. The supcrnatant was then aliquotcd and storcd at -80°C prior to chromatography. MRE-600 cells werc lyscd by passage through 3 Sandsted ccll disruptor (Energy Service Systcms).
Fivc miflilircrs of crudc extract was applied to a 6 x 2:5-cm column (30-ml bed volume) consisting of TSK CM-650M (Supelco) at 4°C-T h c column was'washcd with 4-5 volumcs of buffcr 1. Subscqucntly, bound protcin was clutcd with buffcr 2 I20 niM Tris-C1 (pH 7.5), 1 hi NaCl, 1 mhi DTT, 1 niM EDTA (pH S.O)], and 5-mI fractions werc collcctcd. Fractions wcrc dialyzcd against buffer 1 a t 4°C and thcn assaycd for protcin using thc method of Bradford (Bollag and Edclsteiri 1991) . Fractions containing protein wcrc aliquotcd and stored a t -60°C.
Splicing assays
Splicing was assayed with internally labeled RNAs or by CTP incorporation using unlabeled R N A substrates. Figure 2B , the reactions werc carried out with unlabelcd RNA from pTZtdCAT using identical conditions to those describcd abovc. After phenol extraction, 150 pl of 6.15 M formaldehyde-lox SSC (Sambrook et al. 1989 ) was added and the sample incubated a t 65°C for 15 min.
The samplc w3s applicd to Hybond-N (Amershani) rnembrancs using a Minifold I1 slot-blot manifold (Schleicher 8\ Schucll).
Each slot was first washcd with 200 p1 of 10x SSC, followcd by application of thc samplc. Subscqucntly, cach well was washcd with 400 pl of lox SSC. Thc mcmbranc \vas thcn subjcctcd to UV irradiation for 5 min. Membranes were thcn probed with cnd-labclcd oligonuclcotides (Galloway-Salvo ct al. 19901, f i ltcrs autoradiographcd, and splicing quantitatcd by scanning dcnsitometry using a Hocfkr CS300 densitometer. Nuclcar), and 20 nM RNA substr?tc in 10 pl. The reaction was carricd out a t 37°C for 20 min for td (frons and cis) and room tcmpcraturc or 30°C for nrdl3 and sunY RNAs. For tinic courscs with pMAXl and its dcrivativcs, thc reaction was performcd a t 30°C and aliquots withdrawn a t 2.5, 5, and 10 min. Reactions wcre stoppcd, and samplcs wcre workcd up 3s dcscribcd abovc.
Splicing activity was quantificd on a Bctascopc 603 blot 31-12. lyzcr (Bctagcn). Espcrinicnts with uniformly labclcd prccursors indicatcd that ncithcr rcvcrsc splicing nor inhibition of cyclization appear to influcncc GTP incorporation in thc prcscncc of EXT or S12. Two-dimensiorial gel electrophoresis Two-dimensional gel electrophoresis w3s performed a s dcscribcd by Datta ct al. (1988) with the following modifications. Micropipcttcs (0.1 cm inner diamctcr (i.d.) x 12.7 cml wcrc uscd to scparatc protcins in thc first dimension. Approximatcly 4 pg of EXT and 15 pg of ribosomal protcins wcrc separatcd. Elcctrophorcsis in the second dimension was pcrformcd using a 10% SDS-polyacrylamide resolving gel (30:0.8 acrylamidc/bisacrylamidc). The gc1 dimcnsions wcre 0.75 x 15 x 17 cm. Thc gcl was then stained for 1 hr with Coomassic blue, destaincd with a 10% methanol/lO% acetic acid solution, and dried. Thc gcls wcrc analyzcd by visual inspcction and by scanning dcnsitometry using a Howtck scanncr and Mastcrscan softwarc (CSPI).
Purification of EXT proteins EXT proteins wcrc purified by reverse-phase HPLC using methods describcd by Coopcrman et a] . (1988) and Ferris ct al. (1964) . HPLC was performed on a systcm consisting of two Isco 2350 pumps and a V" UV detector, which was controllcd by a PC computcr running Chemsearch Softwarc [lsco). Thc column consistcd of 3 SynChropak RP-P CIS-silica column (6.5 pm silica, 300 A pow, 250 x 4.1 m m i.d.; Synchrom). HPLC was GENES k DEVELOPhIENTperformed at room temperature, and peaks detected by setting Nitrocellulose filter-binding assays the detector at 220 nm. Solvents were (A) 0.1% (wt/vol) F,CCOOH in water; (B) 0.1% (wt/vol) FJCCOOH in acetonitrile. Solvent A was prepared from water prepared with a Milli-Q system (Millipore) and filtered further through a 0.45-p m nylon filter. Acetonitrile was also filtered through a 0.45-p m filter. F,CCOOH was added after filtration to both solutions, which were degassed prior to use.
Approximately a 30 min isocratic elution a t 4 0 % solvent B, respectivcly. T h c majority of proteins eluted in thcsc two segmcnts. Additionally, Proreinosc K trentmcnt of Sl2-asscmbled precursors the flow rate for segmcnts 1 4 was 0.25 ml/min. The rcmaindcr of thc program was uscd to clean the column with two lincar gradients (40-100% solvent B, and 100-15% solvcnt B) scparated by an isocratic elution at 100% B. Fractions wcrc collcctcd a t 5-min intervals using an Isco Retricvcr I1 fraction collcctor.
Fractions eluting with protcin pcaks werc identificd and dricd undcr vacuum, and pellets wcrc suspcndcd ('n 50 pl of EXT buffcr 1.
Protein conccntrations wcrc determined by separating ali-Q U O~S of protein as well as known quantirics of lysozymc on a 15% SDS-polyacrylamide gcl (SDS-PACE). Following staining with Coomassie blue, thc protcin bands wcrc analyzed by scanning dcnsitomctry with a Hocffcr CS300 dcnsitomctcr and analyzed with CS365 softwarc. T h c absorbariccs from thc lysozyme standards wcrc uscd to cstablish 3 standard curvc from which conccntrations of thc purificd protcins wcrc dctcrmincd.
.
Protein sequencing a n d idenrifjcaLion
Proteins wcrc amino-terminally scqucnccd by Edman dcgradaUnlabclcd frons-splicing prccursors H1 3nd H 2 (0.2. pmolc of cach) wcrc prcasscmblcd in thc prcscncc or abscncc of 10 pmolcs of S12 in a 10 pI volumc for 30 min a t 37°C. Incubation was cithcr continucd for an additional 15 min or 1 p g of proteinasc K (Bochringcr Mannhcim) [ 1 pg/pl in protcinasc K buffcr (PKB = 10 mM Tris a t pH 7.5)1, or PKB was addcd and thc reaction mixturcs held a t 37°C for 15 min. Finally, 10 pCi of CTP (3000 Ci/mmolc; Ncw England Nuclcar) was addcd. Following incubation for 20 min.at 37"C, rcactions were halttd by , addition of an equal volumc of FDM. Rcaction mixturcs wcrc scparatcd on 5% 3cryl3midc (39: 1)/8 M urea gcls, and thc CTPlabclcd intron band was quantitatcd on a Bctascopc 603 blot analyzer. All cxpcrinicnts wcrc pcrformcd a t lcast twicc.
To vcrify that no S12 rcniaincd aftcr protcinasc K treatment, thc abovc rcactions wcrc set up in duplicatc. Prior to addition of GTP, 6 x SDS-loading dyc (Bolhg 3nd Edclstcin 1991) was addcd IO onc sct of rcactions, which wcrc scparatcd on 3 15% SDS-polyacrylaniidc gcl and transfcrrcd to nitroccllulosc. Mcmbrancs wcrc probcd with rabbit polyclonal anti-Sl2 antibody. Anti body binding w a s visualizcd using horseradish peroxidase (ECL kit, Amcrsham).
tion at the Albany Mcdical Collcgc protcin corc facility using a Porton systems sequencer. Amino-tcrmin31 scqucnccs wcrc thcn used for searches of thc Swiss Protcin database using thc FASTA program of the Genetics Cornputcr Group (Devercux et al. 1984) .
Large-scale S12 purificolion Plasmid pT7-5S12 was transformed into strain BL21(DE3) (Studicr and Moffat 1966) for overexpression purposes. Onc and one-half liters of TBYE inoculated with 30 ml of a fresh overnight culturc wcre grown up to a n OD65o of 0.6 a t 37°C and induced with 1 M IPTG for 4 hr. Cells wcrc pcllctcd, rcsuspcndcd in EXT buffer 1 in a ratio of 10 m i of buffcr pcr gram wct wcight of cclls, and lyscd by sonication. Crudc lysatc was clarificd by ccntrifugation at 30,OOOg for 30 min a t 4°C. Ammonium sulfate (GIBCO-BRL) was addcd t o 40%, and thc prccipitatc was collccted and resuspcnded in EXT buffcr 1 plus 6 M urca. T h c prccipitatc was fractionated as described above for EXT except that all buffcrs contained 6 M urca. Following fractionation ovcr wrboxymethylccllulosc (CM), thc extract was dialyzed against 6% acetic acid, lyophilized, and S12-purified by reverse-phasc HPLC as describcd above exccpt that an 8.2 x 250 m m scmipreparative column (Syn+rom) was uscd.
/
Hammerhead ~~'borynie and substrate preparations Thc hammerhead ribozymc HHlG was synthesized by in vitro transcription with T7 RNA polymcrasc using a synthcric DNA templatc (Milligan and Uhlcnbcck 1989) . Thc oligonucleotide S, madc by solid-phasc chemical synthcsis and 5'-cnd-labclcd with [y-32P)ATP using T4 polynucleotidc kinasc, was purificd by dcnaturing polyacrylamidc gel clcctrophoresis, as describcd prcviously (Hcrtcl ct a]. 1994). Thc nonspecific ssDNA was a 28-mcr: ATC CAC T C C TAG ACA T C C ACA AGT. Ructions werc carried out as indiatcd in the lcgcnd to Figure 8. 
